Chromosomal rearrangements often occur at genomic loci with DNA secondary structures, such as common fragile sites (CFSs) and palindromic repeats. We developed assays in mammalian cells that revealed CFS-derived AT-rich sequences and inverted Alu repeats (Alu-IRs) are mitotic recombination hotspots, requiring the repair functions of carboxy-terminal binding protein (CtBP)-interacting protein (CtIP) and the Mre11/Rad50/Nbs1 complex (MRN). We also identified an endonuclease activity of CtIP that is dispensable for end resection and homologous recombination (HR) at I-SceI-generated ''clean'' double-strand breaks (DSBs) but is required for repair of DSBs occurring at CFS-derived AT-rich sequences. In addition, CtIP nuclease-defective mutants are impaired in Alu-IRs-induced mitotic recombination. These studies suggest that an end resection-independent CtIP function is important for processing DSB ends with secondary structures to promote HR. Furthermore, our studies uncover an important role of MRN, CtIP, and their associated nuclease activities in protecting CFSs in mammalian cells.
INTRODUCTION
Gross chromosomal rearrangement (GCR) is a hallmark of cancer cells, and DNA double-strand breaks (DSBs) are one major source that causes such genome instability (Kasparek and Humphrey, 2011) . Common fragile sites (CFSs) are part of normal chromosomal structures, extend over hundreds of kilobases, and upon replication stress, exhibit gaps and breaks on metaphase chromosomes, which is termed CFS expression (Glover et al., 2005) . Repetitive DNA sequences comprise a large portion of the human genome (Lander et al., 2001) , and inverted repeats (IRs) can form hairpin or cruciform structures (Lilley, 1980; Panayotatos and Wells, 1981) to trigger gene amplification and chromosomal translocation (Kato et al., 2012; Tanaka et al., 2005) . CFSs and IRs are often associated with pathogenic breakpoint junctions in tumors (Abeysinghe et al., 2004; Arlt et al., 2006; Tanaka et al., 2005) , but the detailed mechanisms underlying the prevention of genome instability at these sites are not well understood.
The Mre11/Rad50/Nbs1 complex (MRN) is well conserved and critical for DSB repair (D'Amours and Jackson, 2002) . Carboxyterminal binding protein (CtBP)-interacting protein (CtIP), a homolog of Sae2 in budding yeast (Sartori et al., 2007) , binds to MRN and BRCA1 (Chen et al., 2008; Yu and Chen, 2004) and promotes end resection to initiate homologous recombination (HR)-mediated DSB repair (Jazayeri et al., 2006; Sartori et al., 2007) . In budding yeast, the Mre11/Rad50/Xrs2 complex (MRX) and Sae2 are required for cleaving covalent Spo11-DNA intermediates in meiosis (Keeney, 2001 ) and processing hairpin structures formed by IRs at DSB ends (Lobachev et al., 2002; Rattray et al., 2005) . Consistently, Mre11 and Sae2 exhibit endonuclease activities to cleave hairpin DNA and single-stranded DNA (ssDNA) adjacent to hairpins, respectively (Lengsfeld et al., 2007; Paull and Gellert, 1999) .
In this study, we demonstrated that AT-rich CFS sequences and Alu-IRs induce mitotic recombination, especially under replication stress in mammalian cells, a process that strongly depends on MRN, CtIP, and the nuclease activity of Mre11. We also identified a CtIP-associated endonuclease activity that is dispensable for end resection and HR at I-SceI-generated ''clean'' DSBs but is required when AT-rich CFS sequences are present in proximity to DSBs. This CtIP endonuclease activity is also important for Alu-IRs-induced mitotic recombination.
Significantly, MRN and CtIP, and their associated nuclease activities, are important for maintaining CFS stability in mammalian cells.
RESULTS

AT-Rich Sequences Derived from CFS FRA16D Induce Mitotic Recombination in Mammalian Cells
To study CFS-induced genome instability in mammalian cells, we generated EGFP-based HR substrates in which a small AT-rich and hairpin-forming DNA sequence, Flex1(AT)34 (0.33 kb) with 34 copies of AT dinucleotide repeats in the middle, derived from CFS FRA16D, or a comparable-sized luciferase fragment, was inserted into the EGFP cassette (Figure 1A , top; HR-Flex and HR-Luc). Flex1 was shown to stall DNA replication and cause DSB formation in yeast (Zhang and Freudenreich, 2007) . Multiple U2OS cell lines carrying HR-Flex or HR-Luc stably integrated at different genomic loci were obtained. Hydroxyurea (HU)-and aphidicolin (Aph)-induced HR in HR-Flex was significantly higher than that in the control HR-Luc, and enrichment of S phase cells by double thymidine block further increased HU-induced HR frequency in HR-Flex (Figures 1A and S1A available online). Flex1, but not Luc, also induced spontaneous mitotic recombination ( Figure 1B) . Four Flex1 sequences, identified from the human population with varying numbers of the AT repeats due to polymorphism (Finnis et al., 2005) , all induced HR after HU treatment, with longer AT repeats showing stronger effects ( Figure S1B ). Flex1 also induced plasmid instability of the Epstein-Barr virus (EBV) replication origin-containing plasmids ( Figure 1C , top), propagated in mammalian cells as episomes (Reeves et al., 1985; Shen et al., 2009 ). These results suggest that CFS-derived AT-rich sequences are genetically unstable, supporting the notion that these AT-rich sequences contribute to CFS fragility.
The Mre11 Complex and CtIP Are Specifically Required for Repairing DSBs with AT-Rich Flex1 Sequences at DSB Ends When Mre11 or CtIP was inactivated by shRNAs, HU-induced HR at Flex1 was reduced to a greater extent than inactivating BRCA1 or Rad51 ( Figures 1D and S1D ). Yet, HU-induced gH2AX foci were increased in cells expressing Mre11 or CtIP shRNAs compared to control cells ( Figure S1E ), showing that Mre11 or CtIP inactivation causes DSB accumulation. Meanwhile, when DSBs were induced by I-SceI cleavage at the right side of Flex1 or Luc ( Figure 1A) , inactivation of Mre11, CtIP, BRCA1, BRCA2, or Rad51 led to a similar reduction at HR-Luc ( Figures 1E, S1D , and S1F); interestingly, Mre11 or CtIP inactivation reduced HR at Flex1 to a greater extent than BRCA1, BRCA2, or Rad51 inactivation. The Mre11 nuclease mutant Mre11-H129N also exhibited a reduction of HU-induced mitotic recombination similar to that of Mre11 knockdown cells and was more defective in HR after I-SceI cleavage at Flex1 than the Luc control ( Figures 1F and S1G ). These data suggest that besides their general roles in the BRCA1-and Rad51-dependent HR pathway, MRN and CtIP carry additional functions requiring Mre11 nuclease activity to repair DSBs with structure-forming DNA sequences at ends.
CtIP Has an Endonuclease Activity Sae2 possesses endonuclease activities to process hairpin structures at DSB ends (Lengsfeld et al., 2007) . We also detected an endonuclease activity of human CtIP to cleave one ssDNA tail of a hairpin substrate (Figures 2A and S2A ). Apparently, CtIP exhibits specificity for 5 0 ssDNA tails and does not cleave 3 0 ssDNA or double-strand DNA (dsDNA) tails of the substrate ( Figures 2B and S2B ). To test whether the hairpin loop is required for CtIP activity as with Sae2 (Lengsfeld et al., 2007) , we removed the loop and found that CtIP cleaves Y-shaped branched DNA substrates with activity similar to that of hairpin loop substrates at the base of 5 0 ssDNA tails ( Figure 2C ). No endonuclease and exonuclease activities of CtIP were detected on linear ssDNA and dsDNA (Figures 2D and 2E) , and CtIP has higher endonuclease activity in the presence of manganese than in the presence of magnesium ( Figure S2C ).
Deletion analysis revealed that the CtIP N-terminal fragment (CtIP [1-461]), but not the C-terminal fragment ), exhibited endonuclease activities ( Figures 2F and S2D ). Deleting the 199 N-terminal residues ), but not the 44 N-terminal residues ), abolished the nuclease activity. Since CtIP enzymatic activity depends on metal ions, and glutamic acid (E) and aspartic acid (D) residues often contribute to metal ion binding (Shen et al., 1997) , we mutated a series of E and D residues to alanine (A) in CtIP (45-461). While mutating E156, E157, D162, N216, E219, D226, E303, D304, E380, and D381 did not show an effect, both CtIP (45-461)-E267A/E268A and full-length CtIP-E267A/ E268A significantly reduced CtIP-associated endonuclease activity ( Figures 2G, S2D , and S2E). In addition, alignment of Figure S2I ). Quantitative PCR (qPCR)-based in vitro assays also revealed that CtIP-WT, but not the N181A/R185A and E267A/E268A endonuclease mutants, removed Flex1 ssDNA much more efficiently than Luc ssDNA ( Figure S2J , top and bottom left). Presence of ssDNA tail 3 0 to Flex1 (substrate 3) did not block CtIP-mediated cleavage of Flex1, and the 3 0 ssDNA tail was largely removed as an intact piece ( Figure S2J , top and bottom right), consistent with an endonuclease activity of CtIP. Therefore, CtIP possesses an endonuclease activity that is associated with its N terminus and is sufficient to process DNA ends with secondary structures.
CtIP-Associated Endonuclease Activity Is Important for Repairing DSBs at CFSs but Dispensable for End Resection and HR at ''Clean'' I-SceI-Induced DSBs We observed that EBV-Flex1 plasmids become more unstable than EBV-Luc plasmids in CtIP-and CtIP nuclease-deficient cells and, similarly, in Mre11-or Mre11 nuclease-deficient cells ( Figures 1C, bottom, and S1C ). To more directly examine the role of CtIP-associated endonuclease activity for DSB repair, we assayed for I-SceI-induced HR using the CtIP-N181A/ R185A and CtIP-E267A/E268A mutants. Interestingly, these mutants did not show defects in HR-mediated DSB repair using HR-Luc. However, even with N181A and R185A single mutations, a significant reduction of HR was observed when Flex1 is present at DSBs (HR-Flex) after I-SceI cleavage ( Figures 2I,  S2K , and S2L). Furthermore, combining the N181A/R185A mutant with the end resection-defective CDK mutant CtIP-T847A (Huertas and Jackson, 2009 ) reduced HR in HR-Luc to the level of T847A single mutant and further decreased HR in HR-Flex ( Figure S2M ). These data suggest that CtIP endonuclease activity is dispensable for end resection required for HR at general DSBs but specifically required for processing DSBs with secondary structures formed at ends. In agreement, while the end resection-defective mutant CtIP-T859A (Wang et al., 2013) was impaired in single-strand annealing (SSA), CtIP-N181A/R185A and CtIP-E267A/E268A mutants were not (Figures 2J and S2N ). In addition, CtIP-dependent RPA binding to DSB surrounding regions due to ssDNA accumulation was at similar levels in CtIP N181A/R185A and E267A/E268A mutant and CtIP-WT cell lines ( Figure S2O ). These data support that the CtIP-associated endonuclease activity is not required for end resection at general DSBs.
Inverted Alu Repeats Induce Mitotic Recombination in Mammalian Cells
In budding yeast, Mre11 and Sae2 are critical for IRs-induced mitotic recombination, with no significant contribution to general mitotic recombination (Lobachev et al., 2002) . Like CFS-derived AT-rich sequences (Zhang and Freudenreich, 2007) , IRs also stall replication forks, possibly due to hairpin formation at the lagging strand during DNA replication (Voineagu et al., 2008) (Figure S3A ). To study IRs-induced genome instability in mammalian cells, we developed an EGFP-based repair assay, (Figure 3A, left) . Two identical Alu sequences were placed in a direct orientation (DR-Alu) in the EGFP open reading frame (ORF), with the upstream Alu flanked by attP and attB recombination sites for the phage integrase fC31 in a reversed orientation (Belteki et al., 2003) . As fC31-mediated recombination would generate hybrid sites, attL and attR sites that cannot recombine further (Thorpe et al., 2000) , a stable inverted Alu repeat (IR-Alu) would form at the same genomic locus where DR-Alu is located. U2OS cell lines with a single chromosomal integration of the EGFP::DR-Alu cassette were generated, and the corresponding cell lines with inverted Alu sequences (EGFP::IR-Alu) were isolated after fC31 expression and confirmed by Southern blot analysis ( Figures 3A, right , and S3B). Mitotic recombination frequency in the cell lines with IRAlu was significantly higher compared to those carrying DR-Alu at the same genomic locus ( Figure 3B ). Inverting the Luc in the control cell line (Luc/rev-Alu) did not show such an effect. These studies suggest that Alu-IRs are mitotic hotspots in mammalian cells.
Inactivation of Mre11 or CtIP by shRNAs dramatically reduced IRs-induced mitotic recombination, while inactivation of Rad51 or BRCA1 had an effect much less ( Figures 3C and S3C) . The Mre11-H129N nuclease mutant and CtIP N181A/R185A and E267A/E268A endonuclease mutants were severely defective in Alu-IRs-induced mitotic recombination ( Figures 3D, 3E, S3D , and S3E). These studies suggest that the Mre11 and CtIP nuclease activities are important for IRs-induced mitotic recombination.
To see whether the CtIP endonuclease activity has a conserved role for DSB repair, we mutated the corresponding sites of CtIP N181 and R185 in the yeast homolog Sae2 and expressed them from a low-copy CEN plasmid in Dsae2 S. cerevisiae strains. We found that Sae2-N123A/R127A, N123A, and R127A mutants were defective in Alu-IRs-induced mitotic recombination ( Figures 3F, bottom, and S3F) . Furthermore, like the human CtIP N181A/R185A and E267A/E268A endonuclease mutants ( Figures 3G and S3G) , yeast Sae2-N123A/R127A also showed sensitivity to camptothecin (CPT; Figure S3H ). Thus, the CtIP N181 and R185 sites required for human CtIP endonuclease activity are functionally conserved in budding yeast. (F and G) CtIP fragments of indicated lengths (F) and CtIP fragment 45-461 containing various point mutations (G) were assayed for nuclease activity at CtIP concentrations of 20 and 60 nM or without, using the hairpin substrate from (A) . Coomassie blue staining of these purified CtIP fragments is shown in Figure S2D . (E) . Spontaneous HR was assayed after culturing cells for 3 weeks. (F) Top: alignment of human CtIP and its homologs from indicated species, with the conserved NXXXR/K motif shown. Bottom: Alu-IRs-induced recombination between two lys2 alleles as described (Lobachev et al., 2002) 
Molecular Cell
CtIP in Processing DSBs with Secondary Structures MRN and CtIP Are Important for Protecting CFSs Since MRN and CtIP are specifically required for repairing DSBs at CFS-derived sequences, we asked whether they are also important for protecting CFSs in mammalian cells. Chromosomal gaps and breakages per cell were elevated when Mre11 or CtIP was inactivated by shRNAs in HCT116 and HeLa cells, which were further increased after Aph treatment (0.4 mM, 24 hr), the condition that induces CFS expression ( Figures 4A,  4B , and S4A and data not shown). More specifically, the CFS expression at FRA16D and FRA3B was significantly increased when Mre11 or CtIP was deficient, as revealed by fluorescence in situ hybridization (FISH) analysis ( Figures 4C and 4D) , suggesting that MRN and CtIP are indeed important for CFS protection. Furthermore, the Mre11-H129N nuclease mutant and CtIP N181A/R185A and E267A/E268A endonuclease mutants were impaired in protecting FRA16D and FRA3B stability ( Figures  4E, S4B, and S4C) . Thus, the Mre11 nuclease activity and the CtIP endonuclease activity are both required for CFS protection.
DISCUSSION
DNA sequences with unusual secondary structures are associated with GCRs leading to cancer and other human diseases (Chen et al., 2010) . We established EGFP-based HR repair systems in mammalian cells, allowing for a mechanistic study of the genome instability caused by structure-forming DNA sequences derived from CFSs and Alu-IRs in the chromosomal context. We demonstrated that CtIP possesses an endonuclease activity that is dispensable for end resection and HR at general DSBs but specifically required for repairing DSBs containing DNA secondary structures at the ends.
Structure-Forming DNA Sequences Contribute to CFS Fragility CFSs expand over large chromosomal regions and are prone to breakage upon replication stress (Glover, 2006; Glover et al., 2005) . Recent studies suggest that paucity of replication initiation is one cause for fragility of CFSs (Debatisse et al., 2012; Letessier et al., 2011; Palumbo et al., 2010) . In this study, we demonstrated that the small AT-rich structure-forming DNA sequence fragments (0.33 kb) derived from CFS FRA16D, when inserted into a new chromosomal locus, sufficiently induce mitotic recombination both spontaneously and under replication stress, and these AT-rich CFS-associated sequences cause plasmid instability in mammalian cells. These data support the notion that CFSs contain core sequences that tend to form DNA secondary structures during replication, inducing DSBs and DSB-associated repair ( Figure 4F ). Thus, fragility of CFSs is likely caused by the combination of perturbation of replication fork progression by unusual DNA sequences and inherent origin paucity in CFSs. Indeed, slower replication rates at AT-rich sequences and insufficient origin firing were both observed at FRA16C (Ozeri-Galai et al., 2011) .
CtIP Possesses an Endonuclease Activity with a Conserved Repair Function
We showed that human CtIP exhibits an endonuclease activity to cleave 5 0 ssDNA at the base of dsDNA of hairpins or Y-shaped branched structures, reminiscent of a common feature of the DNA structures that stall replication ( Figure 4F ). Since inactivation of CtIP or Mre11 leads to greater rather than fewer DSBs compared to control cells, Mre11 and CtIP, unlike Mus81, are probably not involved in generating DSBs at stalled replication forks (Hanada et al., 2007) . Upon fork collapse, replication can be reassumed by DSB repair-coupled restart (Lambert et al., 2007) or completed by new origin firing from adjacent origins, which generates two-ended DSBs when new forks encounter collapsed forks, followed by HR-mediated DSB repair (Petermann et al., 2010) . CtIP and Mre11 may use their nuclease activities to process DNA secondary structures after DSB formation so that a clean 3 0 end can be generated for strand invasion (Figures 1E, right, and 4F ). The specificity of CtIP endonuclease for 5 0 ssDNA of hairpins is congruent with its potential role in removing structured DNA at 3 0 ends to facilitate HR. By analyzing different CtIP fragments, we found that the N-terminal part of CtIP is important for its endonuclease activity, which is consistent with the finding from Makharashvili et al. (2014) using oxidative cleavage analysis. The N181 and R185 residues of a conserved NXXXR/K motif at the N terminus of CtIP and the putative metal binding residues E267 and E268, conserved in higher eukaryotes ( Figure S4D ), are important for CtIP endonuclease activities. Mutating these residues in human CtIP and the CtIP N181/R185-corresponding residues N123 and R127 in Sae2 resulted in sensitivity to CPT and defects in AluIRs-induced mitotic recombination, supporting a conserved role of CtIP/Sae2 endonuclease activity in DSB repair. Furthermore, deleting the 44 N-terminal residues, which are essential for CtIP dimerization (Wang et al., 2012) , does not alter CtIP biochemical activity; thus, forming a CtIP dimer is not required for its nuclease function.
The Endonuclease Activity of CtIP Is Independent of Its End Resection Function By using the CtIP endonuclease mutants N181A/R185A and E267A/E268A, we demonstrated that CtIP endonuclease activity is not required for end resection and HR at clean DSBs generated by I-SceI but is needed for processing DSB ends at CFSderived sequences with secondary structures. This suggests that CtIP possesses two separate functions: to promote general end resection and to carry out end processing of structure-forming DSB ends.
To remove DNA secondary structures at DSB ends, CtIP utilizes its endonuclease activity and may function cooperatively with Mre11. It was described that Mre11 enlarges the ssDNA gap at hairpin-capped ends to generate substrates favorable for Sae2 cleavage (Lengsfeld et al., 2007) . It is also possible that Mre11 and CtIP exhibit different substrate and cleavage specificities; thus, both are required to generate a clean 3 0 ssDNA tail for strand invasion. Biochemical studies show that Mre11 is more favored to cleave at the tip of hairpin loops, while CtIP/Sae2 cleaves at ssDNA adjacent to hairpins (this study; Lengsfeld et al., 2007; Paull and Gellert, 1999; Makharashvili et al., 2014) . In fission yeast, Rad32 (Mre11 homolog) and Ctp1 (CtIP homolog) have distinct requirements to remove covalently bound Top1 and Top2 from DNA (Hartsuiker et al., 2009) . Notably, CFS-formed secondary structures often contain multiple hairpin loops with complex secondary structures (Zlotorynski et al., 2003) , and different enzymatic activities may be required for efficient removal of these structures. In support of CtIP and Mre11 acting at the same genetic step to process structure-forming DNA at DSB ends, inactivation of CtIP endonuclease activity does not further reduce HR function at Flex1 in Mre11-deficient cells ( Figure S4E ). As for end resection, CtIP itself may not directly cleave DNA but may play a role in facilitating the MRN biochemical activity and promoting BLM/ Exo1 recruitment to DSBs (Eid et al., 2010; Nicolette et al., 2010; Wang et al., 2013) .
The Role of Mre11 and CtIP in CFS Protection
It was described that the BRCA1/Rad51-dependent HR pathway is involved in CFS protection (Arlt et al., 2006) . In this study, we showed that not only the HR activity of MRN and CtIP, but also HR-dispensable enzymatic activities required for processing DNA secondary structures are important for CFS protection. Thus, these studies reveal unique roles and the underlying mechanisms of MRN and CtIP in the maintenance of CFS stability, which will help to elucidate the biology of CFS protection as well as the maintenance of genome stability at other structureforming DNA sequences associated with GCRs in mammalian cells.
EXPERIMENTAL PROCEDURES
Detailed descriptions of the HR-Flex, HR-Luc, HR-DR-Alu, and HR-IR-Alu reporter substrates, the SSA reporter substrate, analysis of DSB repair assays, protein purification, biochemical nuclease reaction assays, plasmid stability assay, gel shift assay, and in vitro cleavage assay are provided in the Supplemental Experimental Procedures. Plasmid construction, cell lysis, immunoblotting, immunostaining, metaphase chromosomal analysis, FISH, yeast recombination assays, chromatin immunoprecipitation, and laser microirradiation were described previously (Casper et al., 2002; Chen et al., 2008; Lengsfeld et al., 2007; Wang et al., 2012; Wilke et al., 1996) , with additional details in the Supplemental Experimental Procedures.
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